D ura mater is a membranous connective tissue located at the outermost of the three layers of the meninges surrounding the brain and spinal cord, which covers and supports the dural sinuses and carries blood from the brain toward the heart. 1 Dural substitutes are often needed after a neurosurgical procedure to expand or replace the resected dura mater. 2 Although many efforts have been made, the challenge to develop a suitable dural substitute has been met with limited success. 3 Autografts (e.g., fascia lata, temporalis fascia, and pericranium) are preferred because they do not provoke severe inflammatory or immunologic reactions, but they are limited by potential drawbacks such as difficulty in achieving a watertight closure, formation of scar tissue, insufficiently accessible graft materials to close large dural defects, and additional incisions for harvesting the graft. 4, 5 Allografts and xenografts are often associated with adverse effects such as graft dissolution, encapsulation, foreign body reaction, scarring, and adhesion formation. Lyophilized human dura mater as a dural substitute has also been clarified as a source of Creutzfeldt-Jakob disease. 6, 7 In terms of materials, nonabsorbable synthetic polymers, such as silicone and expanded polytetrafluoroethylene (ePTFE), often cause serious complications. These may include induction of granulation tissue formation due to their chronic stimulation of the surrounding tissues and longterm foreign body reactions. 8Ϫ10 Natural absorbable polymers, including collagen, fibrin, and cellulose, present the potential risk of infection. 11 As a result, synthetic polymers such as poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), poly(lactic acid) (PLA), polyglycolic acid (PGA), PLA-PCL-PGA ternary copolymers, and hydroxyethylmethacrylate hydrogels have recently attracted attention as biodegradable implant materials for dural repair. 3, 5 ,8Ϫ11 Because of their bioabsorbability, they are expected to cause only a small risk of infection with some minor long-term adverse effects. In order to facilitate successful regeneration/ repair of the dura mater following surgery, the synthetic dural substitute or patch must promote (i) adhesion of dural fibroblasts (the primary cell type present in the dura) and (ii) migration of dural fibroblasts from the periphery of the substitute toward the center. So far, synthetic dural substitutes have only been tested in the form of foils, films, meshes, glues, and hydrogels.
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Due to their isotropic surface properties, such substitutes are not well-suited for cell attachment and inward migration. This problem can be potentially solved by processing the polymers as nanoscale fibers with a right alignment. One recent study demonstrated that the speed of cell *Address correspondence to xia@biomed.wustl.edu. migration tended to decrease with increasing incubation time on a flat surface, whereas cells could migrate over a relatively long distance with a constant velocity and in a highly correlated fashion on a uniaxially aligned, fibrous scaffold. 15 Electrospinning is an enabling technique which can produce nanoscale fibers from more than 100 different polymers. 16 The electrospun nanofibers are typically collected as nonwoven mats with random orientation. Uniaxially aligned arrays of nanofibers can also be obtained under certain conditions such as use of an airgap collector or a mandrel rotating at a high speed. 17, 18 However, uniaxially aligned nanofiber scaffolds can only promote cell migration along one specific direction and are thus not useful as dural substitutes. In order to promote cell migration from the surrounding tissue to the center of a dural defect and shorten the time for healing and regeneration of dura mater, a surface patterned with a radially aligned, nanoscale features would be highly desired for an artificial dural substitute. More specifically, scaffolds constructed with radially aligned nanofibers could meet such a demand by guiding and enhancing cell migration from the edge of a dural defect to the center. As compared to other techniques (e.g., photolithography, e-beam writing, and jet printing) capable of generating nanoscale features, electrospinning technique is advantageous in the following aspects: (i) electrospun nanofibers are more physiologically relevant as they can mimic the 3D architecture of the extracellular matrix; (ii) electrospinning is simpler, faster, and lower in cost for generating patterned nanoscale features such as the radially aligned array of nanofibers used in the present work; and (iii) there is essentially no limitation to the materials that can be used for electrospinning. In the present work, we chose poly(-caprolactone) (PCL), an FDA approved, semicrystalline polyester that can degrade via hydrolysis of its ester linkages under physiological conditions with nontoxic degradation products, as the electrospun polymer for dura substitutes. This polymer has been used in the human body as a material for fabrication of drug delivery carriers, sutures, and adhesion barriers. 19, 20 Electrospun PCL nanofibers have also been investigated as scaffolds for a wide variety of applications in tissue engineering. 21Ϫ24 Here we demonstrate, for the first time, that electrospun PCL nanofibers can be aligned radially to generate scaffolds potentially useful as dural substitutes. Figure 1A shows a schematic of the electrospinning setup which consists of a high-voltage generator, a syringe pump, and a collector. It is essentially the same as the conventional setup except for the collector, which includes a metallic ring (the ring electrode) and a metallic needle (the point electrode). Neglecting the effect of charges on the fibers, the electrical potential field can be calculated using the Poisson equation, ٌ 2 V ϭ Ϫ/, where V is the electrical potential, is the electrical permittivity of air, and is the density of space charges. The electrical field, E, can then be calculated by taking the negative gradient of the electrical potential field, E ϭ ϪٌV. Here, the electrical field was calculated using the software COMSOL3.3 to verify the alignment effect. Figure 1B shows a 2D cross-sectional view of the electric field strength vectors between the spinneret and the grounded collector. Unlike the conventional system, the electric field vectors (stream lines) in the vicinity of the collector were split into two fractions, pointing toward both the ring and point electrodes. Figure 1C shows a photograph of a typical scaffold consisting of radially aligned electrospun nanofibers that were directly deposited on the collector. Figure 1D shows an SEM image taken from the same scaffold, confirming that the nanofibers had been aligned in a radial fashion.
RESULTS AND DISCUSSION
Dura mater is a complex, fibrous membrane that consists of numerous cells and cell types, extracellular matrix proteins, and trophic factors, all of which play important roles in the colonization and duralization of artificial dural substitutes and thus successful implementation of such grafts in vivo. In order to evaluate the capability of radially aligned nanofibers to interface with natural dura, promote host cell adhesion to the graft, and enhance host cell migration along the graft, we developed an ex vivo model for the surgical repair of a small dural defect. In a typical procedure, an artificial dural defect was introduced into a piece of dura (1 cm ϫ 1 cm) by microsurgically cutting a small circular hole 7 mm in diameter in the center of the specimen. A nanofiber-based scaffold was then utilized to repair the artificial defect by overlaying the graft onto the dural specimen. The graft covered the entire defect while simultaneously contacting the dural tissue at the periphery of the specimen. Figure S1 (Supporting Information) shows a schematic illustration of a dural tissue seeded on the edge of a scaffold. As shown in Figure  2A , dural fibroblasts stained with fluorescein diacetate (FDA) migrated from the surrounding tissue along the radially aligned nanofibers and further to the center of the circular scaffold after incubation for 4 days. We found that the cells could cover the entire surface of the scaffold in 4 days. In contrast, a void was observed after the same period of incubation time for a scaffold made of random fibers ( Figure 2B ), indicating a faster migration rate for the cell on radially aligned nanofibers than on their random counterparts. Figure 2C ,D shows magnified views of the central regions in Figure 2A ,B, respectively. It is clear that the scaffold made of radially aligned nanofibers was completely populated with dural cells which had migrated from the borders of the apposed dural tissue. On the contrary, we can clearly see the acellular region at the center of the scaffold
www.acsnano.org made of random nanofibers after the same incubation time.
In order to further investigate the effect of fiber alignment and surface coating on cell migration, primary dural fibroblasts isolated from dura tissue were cultured on scaffolds of radially aligned and random nanofibers without and with fibronectin coating. Figure S2 (Supporting Information) shows a schematic of the custom-made culture system. Specifically, dural fibroblasts were selectively seeded around the periphery of a circular scaffold of nanofibers, effectively forming a 7 mm simulated dural defect in the center of the sample. The silicone tube was used as a barrier to keep the cells in the ring-shaped area during the first 4 h after cell seeding, and then it was removed. Figure 3 shows cell morphology and distribution on scaffolds of radially aligned and random nanofibers without and with fibronectin coating after incubation for 1 day. As shown in Figure 3A , many cells could attach to the bare scaffold of radially aligned nanofibers. In comparison, fewer cells attached to the bare scaffold of random nanofibers and cell aggregations were noticed ( Figure  3B ). The cells were distributed evenly over the entire surface of the fibronectin-coated scaffold of radially aligned nanofibers, and they exhibited an elongated shape ( Figure 3C ). This result indicates that fibronectin coating could enhance the influence of topographic cues on cell morphology that were rendered by the alignment of fibers. The cells could also adhere well to the fibronectin-coated scaffold consisting of random nanofibers, and cell distribution was more uniform than the uncoated sample ( Figure 3D ). To characterize cell motility on the scaffold, cells were stained with FDA and fluorescence images were taken at different times. Figure 4AϪC shows cell distribution after seeding on fibronectin-coated scaffolds of radially aligned nanofibers on days 1, 3, and 7 of culture. The cells were radially aligned, replicating the alignment of fibers underneath (see Figure 4D for a blowup). The ability for dural fibroblasts to migrate into and repopulate the simulated dural defect was measured at various times throughout the experiment as an estimate of the regenerative capacity of the substitute. Figure 4E illustrates an example for the calculation of the area of simulated dural defect on the scaffold. The area of void was quantified, as shown in Figure 4F . The area of void decreased with increasing incubation time for all the scaffolds we tested due to the inward migration of cells. Obviously, radially aligned fibers could significantly enhance cell migration when compared to random fibers, and cells had the fastest migration rate on the fibronectin-coated scaffold of radially aligned nanofibers for the first 3 days of incubation. We noticed that about 5 mm 2 of bare surface still remained for the bare scaffold of random scaffolds even after incubation for 7 days. In contrast, cells almost covered the entire area of the simulated defect within the same period of incubation time for the other three types of scaffolds. The cell motility toward the center of a fibronectin-coated scaffold of radially aligned nanofibers with increasing incubation time was further confirmed by time lapse imaging shown in Figures S3 and  S4 (Supporting Information).
We also compared the scaffolds consisting of radially aligned nanofibers with DuraMatrix-Onlay collagen dura substitute membranes (the clinical gold standard) www.acsnano.org by assessing the attachment and migration of dural fibroblasts. In order to achieve this goal, we seeded dura fibroblasts in the surrounding areas of these two types of scaffolds for 7 days and then stained with FDA. Figure 5A shows cell distribution on a scaffold of radially aligned nanofibers, showing that many cells migrated from the peripheral region to the center of the scaffold and populated throughout the scaffold. Figure 5B shows a high magnification image, indicating that the cells were elongated and aligned along the long axes of fibers. In contrast, we only saw sparse cells on the collagen dura substitute membrane ( Figure 5C ). The background fluorescence was due to the strong absorption of FDA by the collagen dura substitute membrane. In addition, we noticed that some of the cells appeared round in shape, indicating that the cells seemed to attach and spread poorly on the collagen dura substitute ( Figure 5D and Figure S5a in Supporting Information).
As shown by the SEM image in Figure S5b , the collagen dura substitute membranes were made of random collagen nanofibers. Dural tissue is primarily composed of type I collagen. 13, 25, 26 We also examined the production of type I collagen from dural fibroblasts. Figure 6 shows immunostaining of type I collagen produced by dural fibroblasts which were seeded on various types of nanofiber-based scaffolds. We observed that comparable levels of type I collagen were produced by cells on the scaffolds of radially aligned fibers as compared to those on the scaffolds of random fibers, although one previous study showed that more elongated cells expressed higher collagen type I than less stretched cells. 27 Additionally, fibronectin coating had no significant influence on the production of type I collagen. The type I collagen was oriented haphazardly for the random scaffolds and showed a high degree of organization for the radially aligned scaffolds. Recent advances in cellϪbiomaterials interaction have shown that both chemical and topographical properties of the materials' surface can regulate and control cell shape and function. 28 Cell orientation, motility, adhesion, and shape can be modulated by a specific surface micro-and nanotopography. It is wellknown that cells can align along microgrooves or similar topographical features on a surface. It was demonstrated that fibroblasts were the most sensitive cell type compared to endothelial cells and smooth muscle cells and often responded with a strong alignment, elongation, and migration along the grooves. 29 Simultaneously, electrospinning has been widely used for pro- ducing nanofibers for a rich variety of applications in tissue engineering including skin grafts, artificial blood vessels, nerve conduits, along with others. 30Ϫ32 Yet, previous studies were limited to the use of scaffolds made of random and uniaxially aligned nanofibers. Although it was demonstrated that cells migrated faster on uniaxially aligned nanofibers than random fibers, 33 scaffolds composed of uniaxially aligned nanofibers were not realistic for wound healing applications due to the irregular shape of the wound. In the present work, we demonstrated for the first time the fabrication of a new type of scaffolds consisting of radially aligned nanofibers. This novel type of scaffold can guide dural fibroblasts spreading along the direction of fiber alignment and direct cell motility toward the center of the scaffold, resulting in faster cell migration compared to scaffolds composed of random nanofibers. In addition, uniaxially aligned nanofiber scaffolds cannot match such a capability in that they can only guide cell migration along one specific direction. It was reported that controlling cellular orientation or morphology by topography or so-called "contact guidance" could allow for the organization of the extracellular matrix. 34Ϫ36 For most injuries, natural healing results in once functional tissue becoming a scar which is usually made of a patch of cells (e.g., fibroblasts) and disorganized extracellular matrix www.acsnano.org (e.g., collagen fibers). 37 Highly organized cells and an extracellular matrix are probably required for tissue regeneration, which is normally not thought to be related to tissue repair with scarring. We have demonstrated in the present work that extracellular matrix type I collagen on scaffolds of radially aligned nanofibers showed a high degree of organization, which may reduce the possibility of scar tissue formation.
The ideal dura substitute should be safe, efficacious, easy to handle, watertight and integrated into the surrounding tissue to form a new tissue similar to the native one.
2 Also, it should avoid harmful foreign body reactions, be free of any potential risk of infections, have mechanical properties similar to those of natural dura mater, in particular with respect to flexibility and strength, be storable and readily available when needed. 3, 12, 13 In the present work, the biodegradable polymer PCL was chosen as a material for dural substitute because PCL has some advantages compared with other bioabsorbable polyesters. Heterogeneous degradation of PGA and poly(L-lactic acid) (PLLA) could lead to a sudden increase of degradation products, resulting in acidic conditions and toxic reactions in the surrounding tissue. 3 The degradation of PCL is slower, produces less acidic degradation products, and has been studied as a wound dressing material since the 1970s. 38 In order to obtain watertight property, the radially aligned nanofiber scaffold can be combined with a nonwoven mat to form two-layered or even multilayered substitutes. Simultaneously, antibiotics can be readily encapsulated inside nanofibers to further reduce inflammatory response, improve wound healing, and prevent postsurgery adhesion. 39, 40 Alternatively, PCL can blend with other polymers to further improve its biocompatibility, as well as mechanical, physical, and chemical properties. 38 Moreover, extracellular proteins and/or growth factors can be immobilized on the surface of the nanofibers using various surface modification approaches to enhance cell adhesion. The current work presented the effect of fibronectin coating on the PCL nanofibers through electrostatic interaction on dural fibroblast adhesion and motility. One previous study reported that basic fibroblast growth factor (bFGF) immobilized on electrospun PLA nanofibers had less effect on skin cell migration. 33 Our results demonstrated that fibronectin coating enhanced adhesion of dural fibroblasts and improved cell migration on randomly oriented nanofiber scaffolds, but the coating had marginal contribution to cell motility on radially aligned nanofiber scaffolds compared to the bare scaffolds, indicating the predominant role played by nanofiber alignment.
CONCLUSIONS
In summary, we have demonstrated the fabrication of a new type of electrospun nanofiber scaffold composed of radially aligned fibers and its potential application as dural substitutes. We showed that dural fibroblasts cultured on scaffolds of radially aligned nanofibers were elongated and their migration toward the center of the scaffold was greatly accelerated along with the development of a regular arrangement of extracellular matrix like type I collagen, potentially allowing for fast regeneration and formation of neodura. Taken together, our results suggest that radially aligned nanofibers as an artificial dural substitute may offer an alternative in the repair of dural defects and furthermore occupy a unique, desirable niche within the neurosurgical community.
EXPERIMENTAL METHODS
Fabrication of Electrospun Nanofiber Scaffolds. In a typical procedure for electrospinning PCL (M w ϭ 65 kDa, Sigma-Aldrich) nanofibers, we used a solution of 20% (w/v) PCL in a mixture of dichloromethane (DCM) and N,N-dimethylformamide (DMF) (Fisher Chemical) with a volume ratio of 4:1. The fibers were spun at 10Ϫ17 kV with a feeding rate of 0.5 mL/h, together with a 23 gauge needle as the spinneret. A piece of aluminum foil was used as a collector to obtain random nanofiber scaffolds. Radially aligned nanofiber scaffolds were fabricated utilizing a collector consisting of a ring electrode (e.g., metal ring) and a point electrode (e.g., a sharp needle). Electrospun PCL nanofibers were coated with fibronectin (Millipore, Temecular, CA) as follows. The electrospun fiber scaffolds were sterilized by soaking in 70% ethanol overnight and washed three times with phosphate buffered saline (PBS). Then, the scaffolds were immersed in a 0.1% poly-L-lysine (PLL) (Sigma-Aldrich) solution for 1 h at room temperature, followed by washing with PBS (Invitrogen) three times. Subsequently, the samples were immersed in a fibronectin solution (26 L of 50 g/mL fibronectin solution diluted with 5 mL of PBS buffer) at 4°C overnight. Prior to cell seeding, the fibronectin solution was removed and the nanofiber scaffolds were rinsed with PBS. The DuraMatrix-Onlay collagen dura substitute membrane was kindly provided as a gift from Stryker Craniomaxillofacial (Kalamazoo, MI).
Characterization of Nanofiber Scaffolds. The PCL nanofiber scaffolds were sputter-coated with gold before imaging with a scanning electron microscope (Nova 200 NanoLab, FEI, Oregon, USA) at an accelerating voltage of 15 kV. Samples prepared for use in cell culture were inserted into a 24-well TCPS culture plate and sterilized by soaking scaffolds in 70% ethanol.
Dural Fibroblast Isolation and Culture. Fibroblasts were isolated from sections of dura explanted from 4.5 kg New Zealand rabbits (Myrtle's Rabbitry, Thompsons Station, TN). Dura was obtained from recently euthanized animals through a complete craniotomy performed under sterile conditions. Specifically, a 5.0 cm midline incision was made in the scalp to expose the underlying calvarium. Following periosteal elevation, a 2.5 cm ϫ 3.0 cm section of bone was removed from the calvarium to expose the underlying dura. A 2.0 cm ϫ 1.5 cm section of dura was then removed through sharp dissection and washed three times with cold PBS. Dural fibroblasts were then isolated by digesting minced dura three times in 4 mL of warm Hank's balanced salt solution (HBSS) containing 0.05% Trypsin and 0.04% EDTA (Sigma-Aldrich, St. Louis, MO). Following digestion, collected supernatant was centrifuged and the pellet of dural cells was isolated and resuspended in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% calf serum and 1% penicillin and streptomycin. Dural cells obtained in this manner were then ARTICLE VOL. 4 ▪ NO. 9 ▪ XIE ET AL.
www.acsnano.org plated in 75 cm 2 flasks and expanded (subpassaged no more than five times).
Dural Fibroblast Migration. Large, continuous pieces of dura mater were placed in cold PBS and microsurgically trimmed into 1 cm ϫ 1 cm sections. An artificial defect was then introduced into each section of dura by microsurgically cutting a small circular hole, 7 mm in diameter, in the middle of the section. Sections of dura were then introduced into individual wells of 6-well culture plates containing 4 mL of DMEM supplemented with 10% calf serum and 1% penicillin and streptomycin. Random and radially aligned nanofiber scaffolds 1 cm in diameter were then utilized to repair the artificial defects by overlaying the graft onto the dural specimen. Nanofiber scaffolds were placed on the dura such that the graft covered the entire defect while simultaneously contacting the dural tissue at the periphery of the specimen. Nanofiber scaffolds were held in this position throughout the experiment by placing a sterilized metal ring over both the scaffold and the dura. After 4 days of culture, the cells were stained with FDA in green color and imaged with fluorescence microscope. Fluorescent images were taken using a QI-CAM Fast Cooled Mono 12-bit camera (Q Imaging, Burnaby, BC, Canada) attached to an Olympus microscope with OCapture 2.90.1 (Olympus, Tokyo, Japan). Similarly, around 1 ϫ 10 5 dural fibroblast cells were seeded onto the periphery of nanofiber scaffolds using our homemade culture system shown in Figure S2 (Supporting Information). After different periods of time, the cells were stained with FDA in green color and imaged with a fluorescence microscope. The total surface area of nanofiber scaffold devoid of migrating cells was then quantified using Image J software (National Institutes of Health).
Time Lapse Imaging of Dural Fibroblast Migration. Living cells were labeled with membrane dye using Vybrant DiO cell-labeling solution (Invitrogen) according to the manufacturer's instructions and then imaged at day 1, 3, 7, and 10. Dural fibroblasts were seeded on nanofibers and placed on the stage of an optical microscope. The whole setup was placed in the incubator. Cell migration on nanofiber films was imaged every 5 min using Panasonic WV-BP130 attached to a Nikon microscope with FlashBus FBG (Nikon).
Scanning Electron Microscopy Imaging. The dural fibroblast-seeded collagen dura substitute membrane was fixed in 3.7% formaldehyde for 30 min. Subsequently, it was dehydrated in ethanol with a series of concentrations (30, 50, 70, 90, 95 , and 100%) and dried in vacuum. Finally, the sample was coated with gold using a sputter prior to imaging by SEM. The accelerating voltage was 15 kV for imaging.
Immunohistochemistry. Production of collagen type I by the dural fibroblasts on the fiber scaffolds was assessed using immunohistochemistry. On day 7, the cells were rinsed with PBS and fixed with 3.7% formalin for 1 h (N ϭ 4). Cells were permeabilized using 0.1% Triton X-100 (Invitrogen) in PBS for 20 min, followed by blocking in PBS containing 5% normal goat serum (NGS) for 30 min. The monoclonal antibody for type I collagen (1:20 dilution) was obtained from EMD Chemicals (Calbiochem, San Diego, CA). Cells were washed three times with PBS containing 2% FBS. The secondary antibody Gt ϫ Rb IgG Fluor (Chemicon, Temecula, CA) (1:200 dilution) was applied for 1 h at room temperature. Fluorescent images were taken using a QICAM Fast Cooled Mono 12-bit camera (Q Imaging, Burnaby, BC, Canada) attached to an Olympus microscope with OCapture 2.90.1 (Olympus, Tokyo, Japan).
Statistical Analysis. Mean values and standard deviation were reported. Comparative analyses were performed using the Tukey post hoc test by analysis of variance at a 95% confidence level.
